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Observations of movement 
dynamics of flying insects using 
high resolution lidar
Carsten Kirkeby1,2, Maren Wellenreuther3,4 & Mikkel Brydegaard2,3,5
Insects are fundamental to ecosystem functioning and biodiversity, yet the study of insect movement, 
dispersal and activity patterns remains a challenge. Here we present results from a novel high resolution 
laser-radar (lidar) system for quantifying flying insect abundance recorded during one summer night in 
Sweden. We compare lidar recordings with data from a light trap deployed alongside the lidar. A total 
of 22808 insect were recorded, and the relative temporal quantities measured matched the quantities 
recorded with the light trap within a radius of 5 m. Lidar records showed that small insects (wing size 
<2.5 mm2 in cross-section) moved across the field and clustered near the light trap around 22:00 local 
time, while larger insects (wing size >2.5 mm2 in cross-section) were most abundant near the lidar beam 
before 22:00 and then moved towards the light trap between 22:00 and 23:30. We could distinguish 
three insect clusters based on morphology and found that two contained insects predominantly 
recorded above the field in the evening, whereas the third was formed by insects near the forest at 
around 21:30. Together our results demonstrate the capability of lidar for distinguishing different types 
of insect during flight and quantifying their movements.
Insects are integral parts of many ecosystems, both in terms of taxonomic diversity and ecological function1. As 
such, insects directly and indirectly affect many species through predator-prey interactions and as invasive spe-
cies, disease vectors, pests, pollinators and pathogens2. An urgent issue for insect biodiversity conservation and 
ecosystem management is the rapid distributional change seen in many insect species worldwide, and efforts are 
underway to predict short- and long-term consequences2. One major factor affecting the movement dynamics of 
insects are increasing global temperatures, which have been documented to cause insect range expansions and 
shifts in diverse taxa worldwide e.g. ref. 3. Understanding the distributional changes and modifications in abun-
dance patterns are critical for many insect groups For example insects that act as pollinators; the global economic 
value of insect pollination in 2005 amounted to US$153 billion4. It is also important to study insects that cause 
and carry zoonotic diseases; for instance malaria costs Africa more than US$12 billion every year in lost GDP5. 
Agricultural pests are likewise economically important; for instance the annual control of the diamondback moth 
Plutella xylostella costs approximately US$4–5 billion6.
Monitoring movement changes of flying insects and their ecosystem diversity remains a pertinent challenge, 
however. This is because their often small size, rapid flight behaviour and sometimes nocturnal activity patterns 
makes it difficult to reliably detect flying insects with the accuracy needed to make firm observations and classi-
fications. Only few studies have until now been able to record the spatially and temporally resolved movement of 
small-sized insects individually, without relying on indirect observations (e.g. light traps) or disturbing the envi-
ronment and the insects themselves7. Noteworthy previous efforts include the application of radar entomology to 
study the movement behaviour of insects8–11. These radar studies range from the monitoring of large-scale insect 
migrations with Doppler weather radars12 and the tracking of individual insects tagged with electrical diodes 
using harmonic radar13. Despite these technical advances in remote sensing in the last decades, most current 
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observations of small-sized insects in the field are still largely based on trapping techniques that can both be costly 
and do not allow for real-time monitoring7.
Recent progress in the field of insect movement dynamics has come from new technological approaches 
and systems that apply remote light detection and ranging (lidar)14–18 appear particularly promising. Such lidar 
methods can potentially detect multiple individuals simultaneously within a sampling volume of order 1 m3. A 
particularly promising feature of lidar is that it can estimate the Optical Cross Section (OCS) of flying insects 
directly, thus allowing for identification of insect groups and quantifying their behaviour in the air over time 
(e.g. movements towards foraging or mating locations). With radar, behavioural assessments can also be achieved, 
for instance, the insect track and heading direction of unmarked insects can be measured using beam wobbling or 
polarization19. Increased specificity can be achieved with vertical-beam radars of the type that provide informa-
tion about the targets’ sizes, shapes, and wing-beat frequencies20, but observations in the optical region potentially 
provide richer information owing to the inherent modulation of the radar cross sections (RCS) and wing beat 
frequency. However, the current understanding is that the RCS does not oscillate due to change of projected wing 
area but because of muscle contractions changing the water content. Therefore, the details in the RCS modula-
tion signature is not as rich in information compared to the measurement accuracy that can be achieved using 
the optical region21. In addition, the radar probe volumes are also known to be divergent and to have side lobes, 
therefore, radar entomology studies have primarily targeted migrating insects at higher altitudes and that are thus 
moving away from any ground clutter.
Like radar, lidar can also be used to estimate the insect wing beat frequency22 allowing to distinguish between 
insects21. Recent improvements allowing fast lidar sampling rates in the kHz range further allows to distinguish 
between species wing and body cross sections21 and this also enables the retrieval of wing beat harmonics impor-
tant for species identification23. Thus, lidar techniques can also potentially be used to measure the abundance 
and spatio-temporal location of insects, both during the day and at night. Despite the promise of this technology, 
only a few studies have investigated the utility of lidar for insect monitoring so far, e.g. refs 14,19,21,24,25, and no 
studies have yet compared the accuracy of lidar methods compared to traditional methods. Contrary to radars, 
lidar beams can be arranged with considerably higher beam control and insect monitoring can be achieved less 
than a meter over ground14. For these reasons, the lidar technology would seem to have particular promise for 
monitoring small insects (i.e. those too small to carry transponders) that are flying near the ground or vegetation 
canopy, where normal radar techniques cannot be applied.
Here we apply lidar technology to study insect assemblages in nature and show its utility for quantifying insect 
activity. In addition, we compare spatially and temporally resolved abundance measures from lidar with that of 
UV light trap catches. Light traps present one of the traditional direct methods of quantifying flying insects, and 
have been commonly applied to monitor insects26. In our study, we first compare insect abundance over time, and 
second, analyse the spatio-temporal distribution of insects. Third, we utilise the morphological information from 
the lidar data and show its utility to form insect groupings based on the wing-beat frequency and the proportions 
of the body:wing distribution. These groupings are subsequently evaluated in space and time. Lastly, we discuss 
the utility of lidar as an insect movement and biodiversity tool and highlight some promising future areas that 
deserve particular attention.
Materials and Methods
Lidar and light trap setup. Field work was carried out during the night from the 20–21st of July 2013 at the 
Stensoffa biological field station (N55.6950436, E13.4482755) in southern Sweden. Sweden uses “summertime” 
during July, so the local time is set one hour forward. Therefore, local time is UTC + 2. During the study night, 
dusk began when the trapping was started at 21:18 and continued until the next trapping period at 22:18 when 
it was almost dark. The sun set at 21:33 and true midnight was at 01:14. The moon was 95% full and moonrise 
was at 19:18 and moonset at 03:23. Civil twilight began at 03:58 and ended at 22:25. The lidar system we used is 
called LUMBO (Lund University Mobile Biosphere Observatory) and part of the Center for Animal Movement 
Research (CAnMove) at Lund University. The lidar was directed over a meadow, with the beam towards the north, 
and terminated at 140 m by a box made out of black cardboard. An UV light trap (model Onderstepoort 8 W, 370 
(320–420) nm) was positioned 2 m east of the beam at 65 m from the lidar, at a height of 1.8 m and with the direc-
tion of the light tube perpendicular to the lidar beam (Fig. 1). The protective and size-selective net on the trap 
was removed in order to catch all insects approaching the light trap. The light trap was turned on and emptied in 
batches (see the batch clearing times in Table 1). The time intervals were chosen by continuously evaluating the 
density of insects in the catches to obtain a balance between obtaining a sufficiently large amount of insects in 
each batch without disturbing the field too often. Care was taken not to interfere with the beam when emptying 
the light trap and laser safety goggles were worn at all times.
Lidar system specifications. The continuous wave (CW) kHz lidar has been described in detail in19,27–30. In 
short, the lidar system was based on ranging by triangulation and imaging the transmitted laser beam on a tilted 
linear sensor according to the Scheimpflug principle. The transmitter is an 808 nm near infrared 3.2 W CW laser 
diode expanded to 102 mm diameter. The receiver is a F/5, 102 diameter reflecting telescope (model SkyWatcher, 
StarTravel), fitted with a RG780 long pass (Schott) filter and an 808 nm, 3 nm full width at half maximum band 
pass filter (Edmund Optics). The sensor (DALSA Teledyne, Spyder 3, GigE) was a 12-bit line scan camera with 
2 × 2048 pixels. Insects can generally perceive light between 300–700 nm31 and the majority of insect groups are 
attracted to light32. This is particularly true for flying insects, e.g. moths33. In comparison, the lidar beam has a 
wavelength of 808 nm, compared to 320–420 nm for the light trap. Therefore, the lidar beam itself is not visible to 
insects, while insects can recognize and navigate towards the light from the trap.
www.nature.com/scientificreports/
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Light trap insect identification and categorisation. Insect batches were sorted with respect to size 
into subjectively defined groups for comparison with lidar data and identified according to Chinery34. One of 
the batches (Table 1, batch number 2, caught between 22:18–23:18 local summer time) contained a large number 
of insects and therefore identification was based on a ¼ subsample. After sorting, the body and wing width and 
length of one wing was measured on three (where available) randomly chosen specimens from each category 
and batch, using a Leica MZ5 microscope and the Leica application suite program. The measurements of the 
widths and lengths were made on wings that were laid flat down (to obtain the widest and longest cross-sectional 
distances of the wing) and from the lateral side of the body. This was decided because the lidar algorithm esti-
mates the peak sizes of the body and wing OCS. The body and wing measurement were used to estimate the 
cross-sectional area of the body and wings for each grouping. For insects with two sets of wings, both the fore- 
and hindwings were included. We used an elliptic approximation to estimate the body and wing cross section 
area for comparison with the lidar data. We then calculated the body:wing proportions as: body OCS/(body 
OCS + wing OCS).
Data analysis. During the lidar experiment, the pixels were binned at 2 × 2 and the line scan camera was 
operated at a line rate of 5 kHz. The raw data amounted to 340 Gb for the 10 measurement hours. A data reduction 
and parametrization algorithm was applied following Malmqvist et al.29. Among other features, this algorithm 
separates the non-oscillatory body contributions from the oscillatory wing contributions. This is achieved by 
applying a sliding minimum filter with a width equal to the wing beat period. The processing also includes a 
calibration to allow the measurement of OCS25 and a threshold to separate the insect observations from the static 
air return.
The backscatter OCS were obtained by terminating the lidar beam at an object with a known Lambertian 
reflectance. The OCS quantities obtained describe the product resulting from the diffuse reflectance at 808 nm 
(NIR) and the projected area of the insect. NIR reflectance of insects varies according to their relative melani-
sation, but on a whole it can be generalised35 that it is in the order of 20%. Our configuration of the lidar detects 
both co- and de-polarized backscatter and thus includes specular reflexes for insects with glossy wings. Specular 
reflexes can reach 1000% reflectance compared to Lambertian reflectance. Specular reflexes can be distinguished 
by polarization or higher harmonics, see additional explanations in21. Since the OCS relates to the projected sizes 
and the projection of both the insect wings and body, it becomes larger for dorsal or ventral observations (e.g. we 
Figure 1. Schematic overview of the Stensoffa study site in southern Sweden. The label L shows the position 
of the lidar system, T of the termination box, and LT shows the position of the light trap. The red line denotes 
the area over which the laser beam was directed, and covered a transect that was approximately 140 m long. The 
dark green area denotes the forest and the light green area the meadow.
www.nature.com/scientificreports/
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found a large co-variance of these two quantities)21. For these reasons, we hypothesized that a unit-less wing-body 
ratio could be used as a stable measure for separating insect groups. Based on this, we used both a combination 
of wing-beat frequency and body:wing proportions, and a combination of wing beat frequency and wing area 
to separate insect groups, as well as the combination of the wing beat frequency and the wing area directly. The 
signal-to-noise-ratio threshold of > 2 is based on temporal statistics and have been described previously36,37. For 
each insect observation, a fundamental tone and a discrete harmonic spectrum was fitted29.
Data from the light trap counts per time interval were compared with the lidar events. In order to compare 
insects of the same size between these two methods, the lidar data were filtered to match body morphologies used 
to categorise insect groupings from the light traps. To recognize the spatio-temporal pattern of different insect 
groups, the lidar events were divided into two groups: 1) small and fast flapping insects defined by wing beat fre-
quencies above 300 Hz and a cross-sectional wing size below 2.5 mm2 and 2), and larger and slow flapping insects 
defined by wing beat frequencies below 300 Hz and cross-sectional wing size above 2.5 mm2. In order to explore 
the obtained lidar data in further detail, we also took a different approach where the data were clustered based on 
statistical modes in the wing-beat frequency and body:wing proportions. Clustering was performed by grouping 
the observations encircled by the three iso-levels.
Results
A total of 6211 insects were caught with the light trap during the study period. These insects were subsequently 
separated into 13 groups (see Table 1 for detail). Groups differed to a large extent in their total abundance, 
with only two specimens caught in the Hemiptera group, whereas 3106 specimens were caught in the “Other 
Nematocera” group. The time periods at which these different groups were captured also showed large differences 
(Table 1).
A total number of 22808 events (individual insect observations) were recorded with the lidar system, whereof 
2052 were recorded within the 5 m range of the light trap position (see Fig. 1 for the spatial setup). Analysis of the 
lidar data in relations to the spatial distribution within the four time periods of the sampling period is shown in 
Fig. 2A–D. In Fig. 2A,D, we see that the insect abundance was highest near the termination box in the forest. In 
Fig. 2B,C a clear peak of insect activity can be seen in the middle of the transect, near the light trap. Furthermore, 
there was a clear increase in the insect abundance towards the light trap position at about 40 m to each side during 
these two time periods (Fig. 2). Figure 3 shows the individual events in space and time, where we have divided 
the recorded events into two groups based on the wing size and wing beat frequency. Two distinct patterns are 
clear in Fig. 3: A group of small insects (wing size < 2.5 mm2) with high wingbeat frequency (> 300 Hz) were 
abundant near the trees at a range of 140 m where the beam was terminated. The small sized insect assemblage 
was abundant near the terminator and near the light trap from dusk to around 22:00. After 22:00 the assemblage 
was found near the light trap where it disappeared around 23:00. A group of larger insects (wing size > 2.5 mm2) 
with slow wing beat frequency (< 300 Hz) exhibited quite a different movement behaviour and was most abun-
dant near the lidar during the evening and then moved towards the light trap from around 22:00 onwards until 
about 23:30 (Fig. 3).
Records Time period
Total 
abundance
Optical cross section (OCS) size 
(elliptic approximation)
Group Common name
21.18–
22.18
22.18–
23.18
23.18–
23.48
23.48–
00.18
00.18–
00.48
00.48–
01.18
01.18–
04:00
Wing 
area 
(mm2)
Body 
Area 
(mm2)
Mean Body 
Proportion 
OCS/(Body 
OCS + wing OCS)
Culicidae Mosquitoes 4 0 1 1 1 0 1 8 8.53 3.33 0.28
Psychodidae Moth flies 8 40 1 2 6 0 0 57 1.90 0.64 0.25
Chironomidae Nonbiting midges (small) 112 0 0 253 263 109 205 942 2.60 1.02 0.28
Sciaridae Gnats 6 56 22 21 40 4 13 162 2.20 0.65 0.23
Other Flies in a broad sense 28 2974 41 24 18 8 13 3106 2.28 1.02 0.31
Compact 
Various compact 
insects (e.g. flies and 
small beetles)
7 40 0 0 0 0 1 48 4.41 2.03 0.31
Trichoptera (small) Caddisflies – small 31 110 98 13 10 1 3 266 5.67 0.86 0.13
Trichoptera (large) Caddisflies – large 4 11 0 1 4 4 1 25 26.19 2.81 0.10
Lepidoptera (large) Moths – large 0 0 6 0 0 0 0 6 94.98 15.08 0.14
Chironomidae Nonbiting midges (large) 0 102 1043 38 263 104 10 1560 6.78 2.31 0.25
Aphididae Aphids 0 0 1 1 0 0 0 2 5.01 0.92 0.16
Lepidoptera Moths 0 3 0 0 6 5 12 26 119.12 9.00 0.07
Heteroptera Typical bugs 0 0 0 0 0 0 3 3 3.97 1.09 0.21
Table 1.  Insects categories caught with the light trap. For each category, the wing area, body area and their 
proportions are shown. Wings were measured when placed flat on a surface, approximating the wing area as an 
ellipse based on the longest and widest cross-sectional distance. Bodies were measured from the lateral side, and 
the area estimated in the same way as the wings.
www.nature.com/scientificreports/
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The body:wing proportions based on the morphological measurements are shown in Fig. 4. Unfortunately, 
all of the morphological groups caught in the light trap have overlapping ranges with other groups and therefore 
we were not able to use these measurements to match precisely with the lidar dataset. The morphological signal 
in the lidar data was used to separate the records into three insect non-overlapping clusters based on the spatial 
resolution of the body:wing proportions and wing beat frequency (Figs 5 and 6). The clusters included 3013, 2416 
and 1959 observations and are named cluster a, b and c, respectively. Cluster a consisted of insects with a funda-
mental (wing beat) frequency of ~120 (80–150) Hz and a body OCS of 30 mm2, cluster b consisted of observations 
with around ~200 (150–300) Hz and a body OCS of 30 mm2, and finally cluster c consisted of events with 500 
(300–600) Hz frequency and insects with body OCS of 5 mm2. We investigated range-time plots for each cluster 
and found that clusters a and b contained insects that were predominately recorded above the field in the evening, 
while cluster c contained insects that where abundant near the forest in the beginning of the recordings starting 
at 21:18 and subsequently moved close to the trap (Fig. 6). The time-range abundance maps for cluster a and b 
shows increased counts mid-way along the lidar transect (Fig. 5). Such observation could not be explained by sys-
tem biases or range dependent detection limits of the lidar. Further, we found indications that the spatial width of 
the distributions changed during the evening. This could either be explained that insects are increasingly attracted 
to the trap with time or that the trap becomes increasingly efficient as the brightness in the landscape decreased. 
All three clusters showed a predominant activity pattern before midnight (Fig. 5). Cluster a was most abundant 
at 30 to 90 m range. Cluster b was most abundant between 50 and 90 m range. Insect activity in cluster c was most 
abundant near the forest in the beginning of the measuring period at 21.18 PM, just before sunset, and this clus-
ter decreased to a low abundance soon after sunset. We also evaluated body and wing size projections used for 
clustering separately. As shown in Fig. 7, the clusters found using the body:wing ratio showed substantial overlap.
Based on the body:wing proportions recorded with the lidar for these three clusters, we can estimate which 
insect groups from the light trap is represented in each cluster. The body:wing proportions of cluster a ranged 
between 0.10 and 0.35. Based on the median calculated body:wing proportions of the insect groups caught in 
the light traps (Table 1 and Fig. 4), these clusters thus likely comprise small and large Trichoptera, Aphididae 
Figure 2. All insect records detected with the lidar between 21:18 and 01:18, in four time periods. LUMBO 
is the lidar system unit, an acronym for Lund University Mobile Biosphere Observatory. The light trap was 
placed 65 m from LUMBO. The insect detection peaks from 22:18 to 00:18 show higher insect activity close to 
the light trap.
www.nature.com/scientificreports/
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and Heteroptera, large Lepidoptera, Sciaridae, Psychodidae, Culicidae, small and large Chironomidae and other 
Nematocera. Of these, the Trichoptera (caddisflies) and Chironomidae were by far the most abundant groups in 
Table 1. The two latter groups have in common that they are nocturnally active, most adults do not feed and they 
can form swarms38. Therefore we assume that the cluster of this group near the forest is related to mating and/
or predator-avoidance. The body:wing proportions of cluster b ranges between 0.25 and 0.45 and, hence, likely 
comprises species from the groups Sciaridae, Psychodidae, Culicidae, Chironomidae, other Nematocera, and 
other groups characterised by compact insects. The two latter groups were the most abundant groups in this 
cluster (Table 1) and in Sweden consist of swarming non-biting midges and flies39,40. We therefore assume that 
the clusters in Fig. 6 represent swarms of these groups over the field. The body:wing proportions of cluster c range 
Figure 3. Density plot of (A) small insects with a high wing beat frequency > 300 Hz and a wing size < 2.5 mm2 
and (B) larger insects with a slow wing beat frequency < 300 Hz and a wing size > 2.5 mm2. The x-axis shows the 
time and the y-axis the spatial range (m) from the lidar system. Sunset was at 21:33 and civil twilight ended at 
22:25. The two groupings (A,B) are also marked in Fig. 6.
www.nature.com/scientificreports/
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between 0.40 and 0.75 and the only insect group caught in the trap that has a body:wing proportions in this range 
is the group with compact insects. Cluster a and b were both abundant near the trap, and therefore probably pos-
itively attracted to it. Cluster c was most abundant in the beginning of the study period, however, the spatial loca-
tion was not near the trap. A possible explanation for the lack of abundance of species in cluster c near the trap is 
that this group may not be much attracted to or possibly even negatively repelled by the light trap, consistent with 
the relatively small abundance of the compact group in the light trap catches (Table 1).
We found pronounced peaks in the general insect activity near the light trap from 22:18–23:18 and 23:18–
00:18 local summer time, and an additional peak across the whole measurement time where the light trap was 
located (Fig. 2).
In Fig. 8 we compare the number of insects caught in the light trap with the number of events recorded in 
the lidar system within 5 m of the trap. The relative abundance patterns between the methods are similar, but the 
number of insects caught in the light trap is consistently larger within this area.
We further compared the morphology of insects in the lidar data collected within 5 m range of the light trap 
with the total insect counts of the light trap for each of the time periods. The smallest wing size measured in the 
light trap data was 1.9 mm2 and belonged to the group Psychodidae (Table 1). We therefore chose to exclude lidar 
events recorded with wing size less than 1.5 mm2 in this comparison to include insects with slightly smaller wing 
sizes because the morphological measurements were based on small sample sizes.
Discussion
Lidar system. The lidar system used in this study proved useful for identifying details of near-surface distri-
butions of small insects. We detected a substantial overlap between the clusters using the body:wing ratio (Fig. 7). 
This overlap is partly the result of the many directions that insects can enter the lidar beam. When observing an 
insect from a dorsal, ventral or sagittal view, the wing and body size looks larger than, for example, when observed 
from an anterior or posterior angle.
Spatio-temporal distribution of insects. For both the small and fast flapping (e.g. midges, 
Ceratopogonidae and gnats, Sciaridae), and the larger and slow flapping insects (e.g. moths, Lepidoptera), the 
activity dropped just before midnight. However, the timing of these events differed (Fig. 3). Small-sized insects 
showed the greatest activity before and larger insects after 22:00. This activity pattern may be caused by predation 
of birds, forcing larger insects to wait with their activity until diurnal and insectivorous birds cease their activity 
during the night. We speculate that this pressure does not apply to smaller insects that suffer less predation from 
birds.
Estimates of the range of attraction of the Onderstepoort light trap differ considerably, from 2–4 m41 and 
30 m42. In Fig. 2B,C we see an increase in the events recorded towards the light trap position, which we interpret 
as the light trap attracting insects from a large spatial area. The insect abundance is indeed notably higher up to 
about 40 m to each side, which provides support for the larger figure and indeed suggests it might be an under-
estimate. However, even though the insect activity increased in the vicinity of the light trap, this should not be 
seen as evidence that all nearby insects will enter the trap. Nearby insects could, e.g. be simply attracted to other 
insects near the trap or prefer to stay at a certain distance from the trap to remain within a specific brightness 
level. Additional estimates using the lidar system in different environmental settings will be useful to further test 
this finding, and to validate it.
Morphological classification of insect groups. The insect composition varied greatly between time 
periods, showing clear changes in each of the groups´ activities (Table 1). In Fig. 4 we see the measured groups 
and how they overlap in their body:wing proportions. Given this overlap, it becomes clear that this measure 
alone cannot be used as a unique identification marker, and thus that a species recognition algorithm has to be 
Figure 4. Boxplot of the body:wing proportions of the different insect groups caught in the light trap. 
Insects were combined from all sampling periods and measured under a dissection microscope.
www.nature.com/scientificreports/
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included to provide additional more information, for example, the harmonic overtones or the wing beat fre-
quency19. Because these parameters were not determined for each group in the current study, it was not possible 
to separate the groups through a combination of these parameters. Future work should, however, seek to include 
these additional parameters to investigate the utility of these measures for improved identification of species into 
distinct groupings.
Method comparison. Light traps have long been used as a tool to measure the abundance and diversity of 
flying insects. We here found fairly similar temporal abundance patterns when comparing the light trap catches 
with the lidar records (Fig. 8). The cost of light traps compared to a lidar system is minimal (200 vs. several 
thousand dollars for a light trap and lidar system, respectively). The handling time required to count, identify 
and measure species from light traps can be considerable, however, whereas the lidar system requires specialized 
personnel to operate it. An advantage of traps is that specimens can be identified with 100% certainty, stored 
and examined thoroughly, e.g. for inclusion of additional future morphological characters and genetic analyses. 
A disadvantage of light traps is, however, the requirement for the target species that show positive phototaxis 
to light traps, which may not prove ideal for all insects. In comparison, lidar data can be analysed using custom 
made algorithms, which minimises the measurement time needed to estimate morphological characters, as well 
Figure 5. Heatmaps showing cluster a (above), b (middle) and c (bottom) related to the time and spatial 
range of the insect records. Note the different count scale bars and colour codes, in particular for cluster c. The 
dotted red line shows the wing beat frequency cut-off used for Fig. 3.
Figure 6. Contour plots showing the point densities found in the lidar data based on the recorded body-
wing ratio and the wing beat frequency. Red curves denote areas with a high density of points, whereas blue 
curves denote a low density points. Black curves indicate the three major insect clusters.
www.nature.com/scientificreports/
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as minimises observer error and bias (e.g. different people identifying, measuring and counting insects from 
light traps). Moreover, because the lidar beam does not affect insect behaviour, this method also provides an 
opportunity to investigate aspects of undisturbed insect movement behaviour, such as their movement towards 
pheromones16, other insects and light signals. However, the lidar system would benefit from some improvements, 
such as a setup allowing for the continuous scanning across an area without being terminated in a specific place. 
A possible bias that affect lidar applicability is the influence of the specular reflectance of the optical cross section 
Figure 7. The density of the clusters detected in the lidar data (Fig. 6) shown separately using the body OCS 
and wing OCS. The absolute optical backscatter cross sections (OCS) values from the body and wing display 
large overlap between the clusters.
Figure 8. Barplot of (A) insect events registered by the lidar up to a 5 m distance from the position of the light 
trap in five different time periods, and (B) the number of insects caught in the light trap during the five time 
periods. The lidar data were filtered to only show insects with wing sizes greater than 1.5 mm2; similar to the 
insects caught in the light trap.
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(which is calibrated using a scatter cross section for a Lambertian diffuse white target), which contributes to the 
signal. As a result of this, the specular contributions from glittering wings may unfortunately result in a larger 
optical cross section than the geometrical projection of a diffuse white target. In this study, we reported on the 
peak-to-peak interval of the oscillatory part of insect echoes, but diffuse and specular contribution could be dis-
tinguished by separating lower and higher harmonics21 or by implementing co- and de-polarized lidar. Another 
possible potential bias of lidar is that some insects could potentially fly through the beam more than once, requir-
ing appropriate interpretation of the count data.
In conclusion, here we have shown that the lidar system is a promising new tool for recognizing different 
groups of small flying insects, and therefore capable of detecting, monitoring, counting and measuring the aerial 
insect biodiversity and activity, even at night. Our work presents also a first step towards a more advanced use 
of the lidar system in field of entomology. For instance, several lidar systems could be employed in an integrated 
way on a country-wide scale to provide an automated insect observation network, to e.g. estimate phenological 
changes in insect distributions. Tools like this are needed to better understand movement dynamics of flying 
insects and their associated ecology and biology.
References
1. Weisser, W. & Siemann, E. The various effects of insects on ecosystem functioning. in Insects and ecosystem function 3–24 (Springer, 
2004).
2. Sánchez-Guillén, R., Cordoba-Aguilar, A., Hansson, B., Ott, J. & Wellenreuther, M. Evolutionary consequences of climate-induced 
range shifts in insects. Biol. Rev., doi: 10.1111/brv.12204 (2015).
3. Hickling, R., Roy, D. B., Hill, J. K., Fox, R. & Thomas, C. D. The distributions of a wide range of taxonomic groups are expanding 
polewards. Glob. Chang. Biol. 12, 450–455 (2006).
4. Gallai, N., Salles, J.-M., Settele, J. & Vaissière, B. E. Economic valuation of the vulnerability of world agriculture confronted with 
pollinator decline. Ecol. Econom. 68, 810–821 (2009).
5. Greenwood, B. M., Bojang, K., Whitty, C. J. M. & Targett, G. A. T. Malaria. Lancet 365, 1487–1498 (2005).
6. Zalucki, M. P. et al. Estimating the economic cost of one of the world’s major insect pests, Plutella xylostella (Lepidoptera: 
Plutellidae): just how long is a piece of string? Journal of Economic Entomology 105, 1115–1129 (2012).
7. Reynolds, D. R. & Riley, J. R. Remote-sensing, telemetric and computer-based technologies for investigating insect movement: a 
survey of existing and potential techniques. Comput. Electron. Agric. 35, 271–307 (2002).
8. Chapman, J. W., Drake, V. A. & Reynolds, D. R. Recent insights from radar studies of insect flight. Ann. Rev. Entmol. 56, 337–356 
(2011).
9. Vaughn, C. R. Birds and insects as radar targets: a review. Proceedings of the IEEE 73, 205–227 (1985).
10. Chapman, J., Reynolds, D. & Smith, A. Migratory and foraging movements in beneficial insects: A review of radar monitoring and 
tracking methods. Int. J. Pestmanag. 50, 225–232 (2004).
11. Annu. Rev. Ecol. Syst. Drake, V. A. & Reynolds, D. R. Radar entomology: observing insect flight and migration (Cabi, 2012).
12. Westbrook, J., Eyster, R. & Wolf, W. WSR-88D doppler radar detection of corn earworm moth migration. Int. J. Biometeorol. 58, 
931–940 (2014).
13. Ovaskainen, O. et al. Tracking butterfly movements with harmonic radar reveals an effect of population age on movement distance. 
PNAS 105, 19090–19095 (2008).
14. Guan, Z. et al. Insect monitoring with fluorescence lidar techniques: field experiments. Appl. Opt. 49, 5133–5142 (2010).
15. Brydegaard, M., Guan, Z., Wellenreuther, M. & Svanberg, S. Insect monitoring with fluorescence lidar techniques: feasibility study. 
Appl. Opt. 48, 5668–5677 (2009).
16. Mei, L. et al. Agricultural pest monitoring using fluorescence lidar techniques. Appl. Phys. B 106, 733–740 (2012).
17. Shaw, J. et al. Polarization lidar measurements of honey bees in flight for locating land mines. Opt. Express 13, 5853–5863 (2005).
18. Repasky, K. S. et al. Optical detection of honeybees by use of wing-beat modulation of scattered laser light for locating explosives and 
land mines. Appl. Opt. 45, 1839–1843 (2006).
19. Brydegaard, M., Gebru, A. & Svanberg, S. Super resolution laser radar with blinking atmospheric particles—application to 
interacting flying insects. Prog. Electromagn. Res. 147, 141–151 (2014).
20. Drake, V. A. & Reynolds, D. R. Radar entomology: observing insect flight and migration (Cabi, 2012).
21. Brydegaard, M. Towards quantitative optical cross sections in entomological laser radar–potential of temporal and spherical 
parameterizations for identifying atmospheric fauna. PLoS ONE 10, e0135231 (2015).
22. San Ha, N., Truong, Q. T., Goo, N. S. & Park, H. C. Relationship between wingbeat frequency and resonant frequency of the wing in 
insects. Bioinspir. Biomim. 8, 046008 (2013).
23. Moore, A. & Miller, R. H. Automated identification of optically sensed aphid (Homoptera: Aphidae) wingbeat waveforms. Ann. 
Entomol. Soc. Am. 95, 1–8 (2002).
24. Gebru, A., Rohwer, E., Neethling, P. & Brydegaard, M. Investigation of atmospheric insect wing-beat frequencies and iridescence 
features using a multispectral kHz remote detection system. J. Appl. Remote. Sens. 8, 083503–083503 (2014).
25. Brydegaard, M., Gebru, A., Kirkeby, C., Åkesson, S. & Smith, H. Daily evolution of the insect biomass spectrum in an agricultural 
landscape accessed with lidar. Paper presented at: 27th International Laser Radar Conference, New York, USA, doi: 10.13140/
RG.2.1.3757.3525 (2015).
26. Shimoda, M. & Honda, K.-i. Insect reactions to light and its applications to pest management. Appl. Entomol. Zool. 48, 413–421 
(2013).
27. Brydegaard, M., Merdasa, A., Gebru, A., Jayaweera, H. & Svanberg, S. Realistic instrumentation platform for active and passive 
optical remote sensing. Appl. Spectrosc. (2016).
28. Mei, L. & Brydegaard, M. Atmospheric aerosol monitoring by an elastic Scheimpflug lidar system. Opt. Exp. 23, 1613–1628 (2015).
29. Malmqvist, E., Jansson, S., Torok, S. & Brydegaard, M. Effective parameterization of laser radar observations of atmospheric fauna. 
IEEE J. Sel. Top. Quantum Electron. 99, (2015).
30. Brydegaard, M. New mobile observatory for aero-fauna studies. SPIE doi 10, 005977 (2015).
31. Warrant, E. & Nilsson, D.-E. Invertebrate vision (Cambridge University Press, Cambridge, 2006).
32. Kevan, P. & Backhaus, W. Colour vision: perspectives from different disciplines (eds Kliegl, R. & Werner, J. S.) (Walter de Gruyter, 
Berlin, Germany, 1998).
33. Eisenbeis, G., Hänel, A., McDonnell, M., Hahs, A. & Breuste, J. Light pollution and the impact of artificial night lighting on insects. in 
Ecology of cities and towns: a comparative approach (eds McDonnell, M. J., Hahs, A. K. & Breuste, J. H.) 243–263 (Cambridge 
University Press, New York, USA, 2009).
34. Chinery, M. Insects of Britain & Northern Europe (ed. Collins, F. S.) (Collins, 1993).
35. Brydegaard, M. In Laser Applications to Chemical, Security and Environmental Analysis: Imaging and Applied Optics (OSA Technical 
Digest, Seattle, Washington, United States, 2014).
36. Hooper, W. P. & Frick, G. M. Lidar detected spike returns. J. Appl. Remote. Sens. 4, 043549–043549-9 (2010).
www.nature.com/scientificreports/
1 1Scientific RepoRts | 6:29083 | DOI: 10.1038/srep29083
37. Runemark, A., Wellenreuther, M., Jayaweera, H., Svanberg, S. & Brydegaard, M. Rare events in remote dark field spectroscopy: an 
ecological case study of insects. IEEE J. Sel. Top. Quantum Electron. 18, 1573–1582 (2012).
38. Svensson, B. Population movements of adult Trichoptera at a South Swedish stream. Oikos, 157–175 (1974).
39. Oliver, D. Life history of the Chironomidae. Ann. Rev. Entmol. 16, 211–230 (1971).
40. Yuval, B. Mating systems of blood-feeding flies. Ann. Rev. Entmol. 51, 413–440 (2006).
41. Venter, G. J., Majatladi, D. M., Labuschagne, K., Boikanyo, S. N. & Morey, L. The attraction range of the Onderstepoort 220 V light 
trap for Culicoides biting midges as determined under South African field conditions. Vet. Parasitol. 190, 222–229 (2012).
42. Rigot, T. & Gilbert, M. Quantifying the spatial dependence of Culicoides midge samples collected by Onderstepoort-type blacklight 
traps: an experimental approach to infer the range of attraction of light traps. Med. Vet. Entomol. 26, 152–161 (2012).
Acknowledgements
We would like to acknowledge the help of Sandra Török to setup the lidar system. M.W. and M.B. thank the 
Linnaeus center CAnMove at Lund University for logistic and technical support. C.K. would like to thank Mette 
Hansen (DTU VET) for help with insect data handling. We also thank three anonymous reviewers for valuable 
and constructive comments on the manuscript.
Author Contributions
C.K. and M.B. designed and conducted the study. C.K. conducted entomological catches and measurements 
and wrote the first draft. M.B. conducted lidar measurements and analyses. M.W. contributed to both the 
entomological and lidar analyses. All authors took part in writing the manuscript.
Additional Information
Competing financial interests: CK and MB are part of Faunaphotonics, a company specializing in 
entomological lidar instrumentation. This study was carried out independently without any financial 
contribution or obligations from Faunaphotonics.
How to cite this article: Kirkeby, C. et al. Observations of movement dynamics of flying insects using high 
resolution lidar. Sci. Rep. 6, 29083; doi: 10.1038/srep29083 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
